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Abstract. An experiment investigating the production of relativistic electrons from the interaction
of ultrashort multi-terawatt laser pulses with an underdense plasma is presented. Electrons were
accelerated to tens of MeV and the maximum electron energy increased as the plasma density
decreased. Simulations have been performed in order to model the experiment. They show a good
agreement with the trends observed in the experiment and the spectra of accelerated electrons
could be reproduced successfully. The simulations have been used to study the relative contribution
of the different acceleration mechanisms: plasma wave acceleration, direct laser acceleration and
stochastic heating. The results show that in the low density case (1% of the critical density),
acceleration by plasma waves dominates whereas in the high density case (10% of the critical
density) acceleration by the laser is the dominant mechanism. The simulations at high density also
suggest that direct laser acceleration is more efficient than stochastic heating.

1. INTRODUCTION

The relativistic interaction of an ultrashort, multi-terawatt laser with an underdense
plasma can result in the generation of a bright electron source [1, 2]. Typically, about
101! electrons are accelerated and expelled out of the plasma. The electron energy dis-
tribution is Maxwellian-like, with a few electrons reaching tens of MeV energies. Such
a source could be of interest for a variety of applications including nuclear activation
[3, 4], the generation of bright and/or ultrashort radiation sources, such as X-ray sources
[5, 6, 7] or THz sources [8]. Also relevant is the fact that the electron source (and the
subsequent radiation sources it can generate) is perfectly synchronized with the laser
which created it. This makes it a novel and extremely useful scientific tool as it could be
used for pump probe experiments in many different fields.

In order to improve and optimize this source, it is necessary to fully understand the
underlying and complex physics responsible for the acceleration of the electrons. In the
past years, there has been a controversy on the subject and several scenarios have been
proposed to explain the trapping and the acceleration of the plasma electrons. The first



possible scenario is wavebreaking [9, 10]: as the laser interacts with the plasma, the
interplay of self-focusing [11, 12], Raman forward scattering [13] and self-modulation
[14, 15] causes the creation of a relativistic plasma wave. For sufficiently large waves,
longitudinal electric fields can reach ~ 100GV /m, resulting in trapping of background
plasma electrons and acceleration of these electrons to multi-MeV energies. This mech-
anism relies on the plasma as the accelerating structure, however, other mechanisms
have recently been proposed where the acceleration comes from the laser itself. An ex-
ample of laser acceleration is betatron acceleration or Direct Laser Acceleration (DLA)
[16, 17]. In this mechanism, the laser creates a plasma channel through the radial pon-
deromotive force, electrons oscillate at the betatron frequency in this channel and when
the betatron frequency coincides with the laser frequency in the electron frame, a reso-
nance occurs and energy can be transferred from the laser to the electrons. This mech-
anism could explain the acceleration of electrons as witnessed in experiments [18].
Finally, stochastic heating [19] is another mechanism which could explain the exper-
iments. In this case, electron acceleration is due to the stochastic motion of electrons
in two counter-propagating strong electromagnetic fields. The counter-propagating laser
field could simply come from Raman backward scattered waves which trigger stochas-
tic motion when they reach sufficiently high amplitudes. Recent Particle In Cell (PIC)
simulations [20] showed that acceleration to tens of MeV is also possible with this mech-
anism.

The goal of this paper is to estimate the contribution of each of these mechanisms in
a recent electron acceleration experiment [21]. The details of the interaction are hard
to infer from experimental observables and simulations are necessary to gain some
insight on the physics of the acceleration. Hence in section 2 we will first summarize
the experimental results which will be used as a test bed to benchmark our codes. Two
codes have been used to model the experiment: the code WAKE [22] and a 2D PIC code
[23]. In section 3 we will show the results of the simulations.

2. SUMMARY OF THE EXPERIMENTAL RESULTS

The experiments were performed at Laboratoire d’Optique Appliquée and were de-
scribed in detail in Ref. [21, 24, 25]. The 10 Hz, 800 nm laser delivered up to 600 mJ in
35 fs. It was focused to a waist of wo = 6 um, and intensities up to | = 1.8 x 10° W /cm?
could be reached. The laser was focused onto the edge of a supersonic Helium gas
jet. Electron densities from ne = 101%cm=2 to 1.5 x 102 cm—2 could be obtained by
changing the backing pressure of the jet. Electron energies from 0 to 200 MeV could be
measured using an magnetic electron spectrometer. The total number of electrons was
measured using a commercial Integrated Charge Transformer (ICT). More details can
be found in [21].

On Fig. 1a is picture of the electron spectra obtained for two different densities:
ne =5 x 10%cm~2 and 1.5 x 102%cm—3. The distribution is Maxwell-like and can be
fitted by an exponential function of the form exp[—E /Test], where E is the electron
energy and Tes ¢ the effective temperature of the distribution. The maximum energy Enax
is defined as the intersection of the exponential fit with the detection threshold. While
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FIGURE 1. a): Experimental electron spectra obtained for ne = 5 x 101%m~2 and 1.5 x 10©cm—3.
Laser parameters were | = 1.8 x 10 W /cm?, 1 = 35fs, wp = 6um. b): PIC simulation of the electron
spectra for the same physical parameters.

this value depends on the detection threshold, it is a good parameter that represents the
behavior of the distribution. As can be seen on Fig. 1, both Tef s and Epax increase when
the density decreases. This behavior is consistent for all electron densities as can be seen
on Fig. 2a. Figure 2b also shows that Enax increases when the intensity increases (the
intensity can be changed either by increasing the pulse duration of by decreasing the
pulse energy).

Although the dependence of electron spectra on laser and plasma parameters does not
indicate directly which mechanisms dominate, we next discuss the experimental results
and see how they relate to theory. Simple scaling laws exist in the case of acceleration
by plasma waves [26, 27]; the maximum energy an electron can gain in a plasma wave
is given by

on
Emax = 4mec2y%Fyi/ 2 (1)

where &n/n is the amplitude of the plasma wave and yp = (1 —v3/c?)~1/2 is the
relativistic factor associated with the phase velocity of the plasma wave v,. y; = (1+

a(z)/Z)l/2 Is the relativistic factor associated to the quivering motion of the electrons in
the laser field, ap being the normalized vector potential of the laser field. The factor
4 in the right hand side of Eq. (1) comes from the assumption that a plasma channel,
created by the radial ponderomotive force, exists. In this case all phases are focusing
[27]. The amplitude of the plasma wave has not been measured in our experiment but
we assumed dn/n = 20%. This assumption is somewhat arbitrary but when compared
with the experiment, this simple scaling law correctly reproduces the observed behavior:
this is shown on Fig. 2 where the full curves represent the scaling law.

However, reality might be more complicated than these simple estimates. Although no
simple scaling exists for DLA, it has been shown [16] that the temperature of the electron
distribution increases as 11/2, which is close to the behavior of our experiment. Similarly,
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FIGURE 2. a): Variation of electron maximum energy as a function of density for 1 = 1.8 x

10W/cm?, T = 35fs. Squares: experimental points. The full line corresponds to the scaling law (accel-
eration by plasma waves) with relativistic correction; the dashed line to the scaling law without relativistic
correction. In both cases, dn/n = 20%. b): Variation of electron maximum energy with laser intensity at
ne = 10°°cm~3. Squares: experimental points. The full line correspond to the scaling law with relativistic
corrections.

simulations in Ref. [17] show that the maximum energy is higher for lower plasma
densities. As a consequence, DLA also satisfies the trend observed in our experiments.
As for stochastic heating, a simple scaling derived from 1D PIC simulations in Ref.

[20] is Tesf ~ aoai/ 2, where a; is the normalized potential vector of the reflected field.
According to this scaling, one would expect stochastic heating to be less efficient when
the density is lower: at low density, Raman backward scattering is less efficient and as a
consequence a; is smaller. This is opposite from what has been observed in experiments
and one can expect stochastic heating to be of minor importance at lower electron
density.

3. WAKE AND 2D PIC SIMULATIONS

To quantify and understand better the details of the interaction, we now present results
of simulations with WAKE and a 2D PIC code, modeling the experiment. Both codes are
able to reproduce the trends of Fig. 2. However, WAKE systematically overestimates the
energy gain of accelerated electrons. The reasons are the following: (i) in WAKE, lon-
gitudinal wavebreaking is not described. As a consequence, the amplitude of the plasma
waves is overestimated. (ii) Accelerated electrons are modeled by test electrons which
are pushed in the fields calculated by WAKE. Thus, beamloading effects are ignored
which also leads to an overestimation of the plasma fields. Finally, approximations in
the code limit the laser power to a few P (critical power for self-focusing). Hence, only
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FIGURE 3. Result of a WAKE simulation with 1 = 1.8 x 101°W/cm?, 1 = 35fs, wo = 6um and
ne = 2 x 101%cm—3. Each point in the plane (I, ;) represents an accelerated test electron after a
propagation distance of z = 7.5zg. The plot shows the relative contribution of the longitudinal and
transverse laser fields.

the low density cases could be modeled correctly (up to 2 x 101 cm~3). However, as we
will see later, WAKE has advantages over a PIC code.

The 2D PIC code not only reproduces the trend of the experiment but gives results
quantitatively comparable to the experiment in terms of number of accelerated electrons
(several nC), and shape of the electron spectra. Fig. 1b represents simulated spectra
obtained with parameters corresponding to the experiment.

In order to separate the contribution of acceleration by plasma waves and acceleration
by the laser, the following integrals have to be estimated

teEp -V
Mpl = — P —dt 2
o= = )

[p and Iy represent respectively the work that plasma fields E and laser fields E; exert

on electrons. This is different from what has been done in Ref. [18], where the following
integrals were estimated

teE,, v
M,=— ! t
h /o MeC2 d ®)

where Iy and I, represent respectively the work that transverse fields E, and longitudinal
fields E; exert on electrons. In Ref. [18], the transverse and longitudinal fields were
assumed to be the laser and plasma fields, respectively. However this is not exact since
laser fields have both transverse and longitudinal components: E; = E;, + E,. The same
holds for plasma fields: Ep = Epr + Epz. Thus the quantities I'y; both mix laser and
plasma fields.

In order to illustrate the difference between the two integrals, we used the code
WAKE. In WAKE, both Eq. (2) and (3) can be estimated because the code solves
separate equations for the laser and the plasma fields. The simulation was done with
parameters corresponding to the experiment and ne = 2 x 10°cm—3. A bunch of 3 x 10*



1 1 1 1 PR PR PR P
-400 200 200 400 -400 -200 200 400

600 ; —— ——— 600
400 400 |
200 L 200 r
- L Lo L
)| S 0r
C | L !
200 F | -200 - | B
- | - - ! -
e 1 ! H | 400 I [ B I
400 B 0
r r

P

N

FIGURE 4. Result of a WAKE simulation with | = 1.8 x 10°W/cm?, 1 = 35fs, wg = 6um and
ne = 2 x 10cm~3. Comparison between two representations of the accelerated test electrons: in the
plane (I p, () (right picture) and in the plane ("2, I'y) (left picture).

test electrons was injected after one Rayleigh length of laser propagation. Fig. 3 shows
accelerated electrons in a diagram (|2, I'};), representing the respective contribution of
the longitudinal and transverse laser fields. This picture shows clearly that the action of
the longitudinal laser field cannot be ignored: as the transverse field accelerates electrons
by 250 MeV, the longitudinal field decelerates them by 100 MeV.

On Fig. 4, we compare the integrals from Eq. (2) and (3). The picture on the right
shows electrons in the plane (I"p, IM}) which is the correct representation for separating
the contributions of the laser and of the plasma. The picture on the left represents
electrons in the plane (2 ;). As can be seen on Fig. 4, if one interprets I'; as the
contribution from the plasma and I', as the contribution from the laser, one overestimates
the acceleration by the laser. However, in this particular case, the two diagnostics do not
contradict each other and they both show that although acceleration by the laser cannot
be neglected, the acceleration by plasma waves dominates.

In a PIC code, separating the laser field from the plasma field is a very complicated
problem. Thus from now on, we will restrict ourselves to evaluating the integrals of Eq.
(3), keeping in mind that their interpretation might be difficult. Nevertheless the use of
the PIC code is necessary to model our experimental parameters as well as phenomena
such as wavebreaking and beamloading. On Fig. 5, the accelerated electrons produced
after two Rayleigh lengths are represented in the plane (Iz ;) for different densities.
As the figure shows, at lower density (5 x 101° cm~3 top left picture), E; is the dominant
accelerating field although E; also plays a role in the acceleration. At high density
(1.5 x 10%°cm~2 bottom right picture), the acceleration seems to be dominated by E,
fields. In fact, this last picture is very close to Fig. 3 and seems to indicate that at large
density, laser acceleration largely dominates. The E, part would then be due almost
only to the longitudinal laser field. This statement is supported by the fact that in the
high density simulations, the density plots do not show any plasma wave structure. In
summary, Fig. 5 suggests that at high density the main acceleration comes from the laser
whereas at lower density, it comes from the plasma waves.
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FIGURE 5. Results of 2D PIC simulations. Representation of electrons accelerated in the plane (T,
') after z = 2zg and for several electron densities. Top left: 5 x 10°cm~3, top right: 6.4 x 10%cm~3,
bottom left: 102°cm—3, bottom right: 1.5 x 10%cm—3

A question still remains unanswered: at high density, when acceleration by the laser
dominates, what is the mechanism responsible for electron acceleration: stochastic heat-
ing or direct laser acceleration? This question can be answered by using the 2D PIC
code: when running the code with the laser polarization out of the simulation plane
(s-polarization), electrons cannot be accelerated through DLA because their motion is
perpendicular to the transverse electric field. In this case, the DLA mechanism is sup-
pressed and acceleration comes mainly from stochastic heating. On the contrary, in p-
polarization (the laser is then polarized in the plane of the simulation), DLA is possible,
as well as stochastic heating. Thus, if simulations with s and p polarization produce
different results, it will give insight on the acceleration mechanisms. The results are
shown on Fig. 6: the left picture shows the electron distributions obtained in the high
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FIGURE 6. Results of 2D PIC code. Electron distributions for runs where the laser was s or p-polarized.
Ne = 1.5 x 10%c¢m~3.

density case (1.5 x 102°cm~—3). The picture suggests that DLA is indeed present in the
run with p-polarization since the distribution extends to 40 MeV instead of 20 MeV in
the s-polarization casel. DLA being a resonant mechanism is probably more efficient
than stochastic heating, which would explain the difference. Density plots also show the
formation of a strong density depression inside the laser pulse. This could provide the
plasma channel relevant for the DLA mechanism.

4. CONCLUSION

In conclusion, both experiments and simulations show that electrons are accelerated
to higher energies at low plasma electron densities. WAKE and 2D PIC simulations
indicate that at low density, acceleration by plasma waves is the dominant mechanism.
This shows that an efficient laser-plasma based accelerator should operate at low density
in order to take advantage of the acceleration by plasma waves, the most efficient
mechanism.

WAKE simulations showed that in general, the contribution of the longitudinal laser
field should not be neglected since it tends to decelerate particles. These simulations also
showed that one should be cautious when trying to interpret (I, ') diagrams especially
since I, contains contributions from both laser and plasma fields.

Finally, the (I, I'y) diagrams produced with the 2D PIC code showed that at high
plasma density (10% of critical density), electron acceleration is mainly due to the laser.

1 The dramatic difference between simulations with s or p polarization suggests that the 3D geometry is
really necessary to fully model the problem.



The results also indicate that both stochastic heating and DLA could play a role, although
DLA seems to be a more efficient mechanism.
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